The sigmodontine South American rodent genus Oligoryzomys was first described as a subgenus of the genus Oryzomys to group together species distinguished by morphological measurements. To describe the dispersion patterns of this genus in South America, in this study, a total of 100 sequences were analyzed and compared with sequences of 9 Oligoryzomys species from GenBank. The sequences comprised 90 mitochondrial cytochrome b genes and 10 nuclear interphotoreceptor retinoidbinding protein genes, from 75 individuals of 7 species from 27 localities. Topologies of different phylogenetic trees revealed Oligoryzomys as a monophyletic genus containing 2 main species groups, one designated as the ''Amazon-Cerrado'' assemblage and the second as the ''Pampa-Andean'' clade. The north-to-south geographic pattern observed supports the hypothesis that the genus started from the northern Andes, occupied the Amazon and the Cerrado, and later inhabited the more southern regions of South America.
The Oryzomyini tribe of the South American Sigmodontinae subfamily comprises 27 genera, including the pygmy rice rats of genus Oligoryzomys (Musser and Carleton 2005; Weksler et al. 2006 ). This taxon was first proposed by Bangs (1900) as a subgenus of Oryzomys, in an attempt to rank together a group of species characterized by its smaller size, a somewhat long tail, and a delicate skull without supraoccipital ridges. They are nocturnal, terrestrial, and feed on seeds, fruits, and insects (Carleton and Musser 1989; Emmons and Feer 1999) . Some species can be agricultural pests or significant reservoirs of hantavirus (Powers et al. 1999; Delfraro et al. 2003; Carroll et al. 2005) . These small mice occupy a wide geographic range from Mexico to Tierra del Fuego and occur in a variety of habitats and climates from rain forests to grasslands, as well as from sea level to the high Andean altitudes.
Oligoryzomys contains 21 species (Musser and Carleton 2005; Weksler and Bonvicino 2005) that are quite similar in their external appearance and have a confusing systematic history. Around half of the species occur in Brazil, with some species exclusively inhabiting the Cerrado biome, whereas others occupy the Pampa or the Atlantic and Amazonian rainforests.
The monophyly of the genus has been comprehensively studied and established by morphological investigations (Carleton and Musser 1989; Steppan 1995; Weksler 2006) , allozymes (Dickerman and Yates 1995; Perini et al. 2004) , and molecular markers (Myers et al. 1995; Weksler 2003 Weksler , 2006 Trott et al. 2007 ). Nevertheless, many controversies on the hierarchical relationships among species of Oligoryzomys still persist, as the morphology-based taxonomy does not always agree with the clusters generated by the molecular techniques. Another aspect yet to be investigated is the strategy used by this taxon to disperse throughout South America. Only one study on this issue was carried out earlier and involved an endemic Andean Chilean-Argentinean species, Oligoryzomys longicaudatus (Palma et al. 2005) .
Our study was designed to shed more light on the patterns through which Oligoryzomys dispersed and diversified across the different Brazilian biomes. This research was carried out using 75 sequences of the mitochondrial cytochrome b (cyt-b) and 5 of the nuclear nterphotoreceptor retinoid-binding protein (IRBP) genes of Oligoryzomys rats, collected from 27 localities covering a wide area that includes the Amazon and Atlantic rainforests, Cerrado, and Pampa. These cyt-b and IRBP gene sequences were compared with the GenBank sequences of endemic species from other South American sites (mainly from the Andean Highlands); thus, a total of 100 sequences were analyzed.
Materials and Methods

Species Analyzed
A total of 100 Oligoryzomys sequences were analyzed, comprising 90 mitochondrial cyt-b (from which we obtained 75 sequences) and 9 IRBP genes (5 from 5 species sequenced in this study). The 7 species that we sequenced were Oligoryzomys flavescens, Oligoryzomys fornesi, Oligoryzomys messorius, Oligoryzomys moojeni, Oligoryzomys nigripes, Oligoryzomys stramineus, and Oligoryzomys sp., from 75 individuals trapped at 27 sites located in an area ranging from 04°N to 32°S and 41°W to 63°W, in 4 morphoclimatic domains of South America (Figure 1 ). Five individuals (one specimen of O. flavescens, O. fornesi, O. messorius, O. moojeni, and O. nigripes, respectively) were also sequenced for the IRBP gene (Table 1) . The cyt-b and IRBP sequence data for 8 other species of Oligoryzomys (Oligoryzomys andinus, O. flavescens, Oligoryzomys fulvescens, O. longicaudatus, Oligoryzomys longicaudatus pampanus, Oligoryzomys magellanicus, Oligoryzomys microtis, O. nigripes, and O. stramineus) were obtained from GenBank. Euryoryzomys russatus, Microryzomys minutus, Neacomys spinosus, and Nectomys squamipes were used as outgroups, as they were demonstrated to be closely related to Oligoryzomys in earlier investigations (Smith and Patton 1999; Weksler 2003 Weksler , 2006 . In the majority of animals sequenced, the taxonomic classification was confirmed by the analysis of the karyotypes, listed in Table  1 (details on the karyotypes are available in AndradesMiranda et al. 2001) . The skins and skulls of these specimens are stored in the Mammal Collection of the Museu Nacional, Rio de Janeiro.
Nucleotide Acid Sequence Analysis
DNA was extracted from kidney, liver, heart, or muscle (stored at À20°C or in 70% ethanol) using the standard protocol described in the work by Medrano et al. (1990) . The mitochondrial cyt-b gene sequences were obtained by polymerase chain reaction (PCR) using the primers MVZ 05 (light strand) and MVZ 16 (heavy strand) (Smith and Patton 1993) , and the IRBP sequences were isolated using the primers A1 (light strand) and F (heavy strand) (Weksler 2003) . PCR products were purified with exonuclease I and shrimp alkaline phosphatase (Amersham Biosciences, Piscataway, NJ). All taxa were sequenced directly from purified PCR products using the ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer, Waltham, MA) according to the manufacturer's instructions. Sequencing of both the strands was done using an ABI Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA). All the sequences are available in GenBank as referenced in Table 1 .
Data Analysis
The sequences obtained were read employing the program Chromas 1.45, aligned using the program Clustal X 1.81 (Thompson et al. 1997 ) under the default setting costs and manually refined with the aid of the BIOEDIT program (Hall 1999) . Saturation plots were obtained with the data analysis in Molecular Biology and Evolution software (DAMBE; Xia and Xie 2001) . The composition of bases and Kimura 2-parameter (K2p) distance (Kimura 1980) were obtained using the Molecular Evolution Genetics Analysis software (MEGA 4; Tamura et al. 2007 ).
The phylogenetic analyses were performed with maximum likelihood (ML) and maximum parsimony (MP) algorithms using PAUP* v.4.0b10 (Swofford 2001) . Networks using the median-joining (MJ) method were obtained with the software Network v.4.1.0.0 (Bandelt et al. 1999 ; available at http://www.fluxus-engineering.com).
Prior to the analyses using PAUP, the appropriate model of nucleotide substitution for ML analysis was determined using the MODELTEST 3.7 program (Posada and Crandall 1998) . For ML tree estimation, heuristic searches with as is, tree bisection-reconnection (TBR) branch swapping, and MUL-PARS options were selected. The support estimates for the ML tree branches by bootstrap analysis were carried out with 1000 replications, as described by Muschner et al. (2003) .
The MP analyses were performed using heuristic search with TBR branch swapping, MULPARS option, and 1000 random-addition replicates. Bootstrap statistical support (Felsenstein 1985) was carried out with 10 000 replications of heuristic search and simple taxon addition, with the ''all trees saved'' option.
Bayesian analyses of the data were performed using MrBayes 3.0b4 (Huelsenbeck and Ronquist 2001) to generate a posterior probability distribution using Markov chain Monte Carlo (MCMC) methods. No a priori assumptions about the topology of the tree were made, and all the searches were provided with a uniform prior, and the value of proportion of invariable positions and gamma parameter were obtained by MODELTEST. The MCMC processes were set, such that 4 chains could run simultaneously for 10 million generations, with trees being sampled at every 100 generations for a total of 100 000 trees. We excluded the first 60 000 generations as the ''burn-in'' period, when those trees were sampled to stable equilibrium (Schneider 2007). To calculate the posterior probability of each bipartition, a 50% majority rule consensus tree was constructed from the remaining trees using PAUP*.
The MP, ML, and Bayesian inference (BI) topologies of the consensus trees generated (94 and 17 cyt-b sequences in Figures 2 and 3 and 13 IRBP and 11 concatenated cyt-b þ IRBB sequences in Figure 6A ,C, respectively) were compared using Templeton (1983) and Shimodaira-Hasegawa (1999, SH) nonparametric tests using the PAUP* v.4.0b10 software (Swofford 2001) .
The Mantel test was carried out using the Arlequin 2000 software (Schneider et al. 2000) , in which matrices of the genetic distances (K2p) and the geographic distances between the exemplars of each species were used. To generate a spatial correlogram, we used the Autocorrelation Index for DNA Analysis II (Bertorelle and Barbujani 1995) that measures whether and to what extent the individual sequences resemble the sequences sampled at different places. This analysis is analogous to Mouran's I, which is based on allele or haplotype frequencies. For geographic distances, the locality coordinates presented in Table 1 were used, and construction of the correlograms was based on 5 distance classes. A gradient is identified when the II indexes decrease continuously from significantly positive to significantly negative values as the distance between the locations increases. This analysis was done with the AIDA software (Bertorelle and Barbujani 1995) .
The incongruence length difference test was computed to detect the presence of character conflict between cyt-b and IRBP genes, as described by Farris et al. (1994 Farris et al. ( , 1995 and was implemented in WINCLADA version 0.9.9þ (BETA) (Nixon 1999) .
Results
A total of 94 cyt-b sequences (75 Oligoryzomys from this study and 15 from GenBank and 4 other Sigmodontinae species as outgroups) were amplified by the PCR and with a size range from 801 to 1143 bp. The saturation curve (not shown) observed indicated that there is no clear evidence of multiple substitutions in any codon position, and thus, there should be no loss of phylogenetic signal among the more divergent taxa. The average K2p genetic distance among the 90 sequences of genus Oligoryzomys and the 94 sequences (including outgroups) analyzed was 5.84% and 6.77%, respectively.
The comparison of the trees (Templeton [1983] and Shimodaira-Hasegawa [1999] tests) generated in the analysis of the 801 bp cyt-b fragment of 90 ingroup Oligoryzomys individuals using MP, ML, and BI methods yielded different topologies (P , 0.05). However, the best consensus tree was generated by the ML method (Figure 2) . The model for this ML analysis using MODELTEST was GTR þ I þ G. According to this model, the value of Àln L (likelihood) was 5404.77, the value of the gamma shape with parameter a was 1.32, and the proportion of invariable sites was 0.56. The bootstrap values varied between 50 and 100. Furthermore, the strict-consensus generated the correct location of all the exemplars in the respective species set (most with high bootstrap values, gray squares), indicating the usefulness of this molecular marker. The bootstraps (ML and MP) and posterior probability (BI) values are shown in Table 2 , and the nodes are indicated in Figure 2 . Figure 3 presents an ML analysis with a summary of the phylogenetic relationships among those species shown in Figure 2 , by analyzing the same 801-bp fragment but including only one representative of each species (Table 1) . In this summary analysis, the ML and BI methods showed similar topologies in the Templeton (P 5 0.67) and Shimodaira-Hasegawa (P 5 0.66) tests, whereas the MP tree was different from the others (P , 0.05). Moreover, the ML analysis presented the best tree. The model for this ML analysis using MODELTEST was GTR þ I þ G. Under this model, the value of Àln L (likelihood) was 4129.59, the value of the gamma shape with parameter a was 1.15, and the proportion of invariable sites was 0.55. The bootstrap values of 57-99 were observed for the ML tree (Figure 3) . The posterior probability values obtained in the BI tree (not shown) are plotted in the nodes in Figure 3 .
The topology generated by these analyses (Figures 2 and 3 ) shows Oligoryzomys as a monophyletic group, in which the Figure 2 . ML phylogeny of cyt-b sequences for the genus Oligoryzomys under the GTR þ I þ G model. In front of each branch, numbers/letters correspond to the locality (listed in Table 1 ). Node letters (a-r) correspond to the nodes values of the ML and MP bootstraps percentages (.50%) and BI posterior probabilities (.0.50) in Table 2 . Gray squares correspond to the monophyly of the species. species present a phylogeographic trend from northern to southern South America. The basal lineages constitute a group of species (named the ''Amazon-Cerrado'' assemblage), which are endemic to the Amazon and the Cerrado and whose specimens were collected in South America between parallels 04°N and 17°S. However, 2 taxa are found at the base of this group, the Amazonian O. microtis and O. fornesi, this one from the Cerrado biome. This assemblage also includes the taxa Oligoryzomys sp., O. fulvescens, and O. messorius from the Amazon and O. moojeni from Cerrado.
It has been observed that the broadly distributed O. nigripes as well as O. stramineus linked this Amazon-Cerrado group to a cluster of taxa, which occupies the southern area of South America. This ''Pampa-Andean'' clade aggregates individuals of O. andinus, O. flavescens, O. magellanicus, O. longicaudatus, and O. l. pampanus, from 26°S to 52°S parallels of South America.
The Mantel correlation coefficient between genetic (K2p, calculated for the cyt-b gene matrix in Table 3 ) and geographic (km) distances was positive and statistically significant (r 5 0.25, P 5 0.04). This association between genetic distance and geography is evident in the correlogram depicted in Figure 4 , where a clear north-to-south geographic cline for the species of Oligoryzomys can be observed. The correlation between genetic and geographic distances for individuals collected in places with a distance of up to 1000 km was found to be positive and statistically significant (II 5 0.16, P 5 0.005), that is, individuals who have close or sympatric dispersion areas are genetically similar. The opposite is observed for individuals who live more than 3000 km apart, for which the coefficients were observed to be negative and also statistically significant (II 5 À0.25 and À0.27, P 5 0.005 and 0.05, respectively). The correlogram obtained represents a gradient with a nonrandom geographic distribution of the cyt-b sequences (Bertorelle and Barbujani 1995) .
This sharp north-to-south geographic pattern is also clear in the network analysis (MJ), shown in Figure 5 , in which 2 major lineages can be distinguished. There are 68 base changes among the haplotypes within the ''PampaAndean'' clade, and the average K2p genetic distance among the 4 species is 4.3% (Table 3 ). In the ''Amazon-Cerrado'' group, this average distance was found to be larger (10.8%), and 179 base changes were observed among the haplotypes of the 7 inclusive taxa. These data show that this group has more interspecies variability than the ''Pampa-Andean'' clade. However, the distance of O. nigripes is shortest (5.1%) and longest (12.9%) when compared with O. stramineus and O. microtis, respectively.
A 745-bp fragment of the nuclear IRBP gene was also analyzed for single individuals of 5 species (O. nigripes, O. flavescens, O. fornesi, O. moojeni, and O. messorius), as well as 2 species (O. stramineus and O. fulvescens) from GenBank ( Table 1 ). The mean genetic distance (K2p) between these species was 1.19% with a range of 0.14-1.85%, a level of variability less than that generated by the mitochondrial gene cyt-b. With this gene, all the trees generated by the different methods (MP, ML, and BI) presented similar topologies (P , 0.05), and the best tree was the ML method. The ML Table 2 . Support values (bootstraps and posterior probabilities) for specific nodes in 3 phylogenetic analyses: ML, MP, and BI, depicted in Figure 2 Node Taxon content ML MP BI tree showed 2 sister groups, one including 2 weakly linked (51% bootstrap) species, O. fornesi and O. flavescens ( Figure  6A ), the other containing O. fulvescens, O. messorius, and O. moojeni (85% bootstrap), all from the Amazon or Cerrado.
Oligoryzomys nigripes along with O. stramineus is the sister group to this clade. This separation into 2 sister species groups can be clearly seen in the network analysis (MJ) ( Figure 6B ). The comparison of the trees (Templeton [1983] and Shimodaira-Hasegawa [1999] tests) of both the genes concatenated (nonincongruent genes, P , 0.05; Figure  6C ) generated a fragment of 1546 bp in the ML and BI methods showing similar topologies (P . 0.05), with MP tree being different from the others (P , 0.05). However, the ML analysis presented the best tree. The analysis showed, in general, the same groups (O. fornesi þ O. flavescens and O. nigripes þ O. stramineus) seen in the analysis of the IRBP alone ( Figure 6A ). The exceptions were the more basal position taken by O. fornesi, similar to the topology of the trees generated solely with cyt-b data (Figures 2 and 3) . The separation into 2 groups generated by these 2 genes together was also apparent in the network (MJ) of the concatenated genes ( Figure 6D ).
Discussion
As a result of the analysis of 13 species of genus Oligoryzomys by means of 2 genes (13 cyt-b and 5 IRBP), employing different methods of analysis, it was possible to demonstrate Oligoryzomys to be a monophyletic taxon (Figures 2 and 3 ; Table 2 ). This agrees with previous studies with different markers (Myers et al. 1995; Perini et al. 2004; Weksler 2006; Trott et al. 2007) .
In Figures 2 and 3 , the data we obtained with the mitochondrial gene cyt-b produced phylogenetic trees in which the Oligoryzomys species were arranged in a pattern as if they had occupied the South American continent, in accordance with a north-to-south territorial gradient. In the process, the taxa located at the base of the tree (the Amazonian taxa) inhabited the northern regions, and the derived lineages inhabited the southern area of the continent.
Oligoryzomys microtis was found in the most basal position of the tree, which is distributed throughout the Amazon Basin in Brazil and contiguous lowlands of Peru, Bolivia, and Paraguay (Musser and Carleton 2005) . The Cerrado representatives of O. fornesi form the taxon that subsequently links to O. microtis. Oligoryzomys fornesi and O. microtis, which were synonymized in the past, are small, showing contradictory chromosomal data (Sbalqueiro et al. 1991; Andrades-Miranda et al. 2001; Weksler and Bonvicino 2005) , and are clearly distinguishable by cyt-b sequences (Myers et al. 1995; present investigation) . The O. fornesi specimens from the Cerrado presented exactly the same karyotype as Oligoryzomys eliurus collected in Brasília (Cerrado) by Svartman (1989) and in the Pernambuco state (Caatinga biome) by Furtado (1981) and described in the study by Andrades-Miranda et al. (2001) under this denomination. The next taxon is O. moojeni, which presents the highest diploid number (2n 5 70) of the genus as its most distinctive characteristic (Weksler and Bonvicino 2005) and inhabits exclusively the Cerrado biome (Goiás and Minas Gerais).
In Figure 3 , it can also be seen that Oligoryzomys affinis messorius subsequently links with Oligoryzomys sp. and O. fulvescens, the 3 taxa inhabiting the Amazon biome. Thomas (1901) reported the taxon messorius in the Kanaku Mountains, Guiana, a place about 150 km from the locality where we collected our samples (Surumú, Roraima state, Brazilian Amazon). Furthermore, Musser and Carleton (2005) included messorius in the O. fulvescens species group. The specimen of O. fulvescens analyzed was retrieved from GenBank and was collected in Venezuela (Milazzo et al. 2006) . Oligoryzomys sp. has not yet been described and was trapped in Amapá, presenting 2n 5 66/fundamental number 5 74 karyotype (Andrades-Miranda et al. 2001) . Because of the similarity in chromosome constitution and being collected in the Amazon, we first considered that it could be a taxon linked to O. microtis (which is distributed throughout the Amazon Basin in Brazil). The results obtained in this work, however, clearly showed that although this species associates with other Amazonian Oligoryzomys taxa, it does not group with the specimens of O. microtis. Hence, for its correct taxonomic identification, a complete description of its morphology is necessary.
A pair of Oligoryzomys species links the ''AmazonCerrado'' group to the ''Pampa-Andean'' clade. Oligoryzomys stramineus has a more restricted distribution (Cerrado of northern Goiás and Minas Gerais states and the Caatinga of Paraíba and Pernambuco states). This distribution overlaps with that of O. nigripes, which is in turn widespread, occurring in eastern Paraguay, northern Argentina, and western and southeastern Atlantic Forest in Brazil. In spite of the similarities between the 2 species (medium to large body size and superimposition of distribution areas), they still have large karyotype differences (Table 1) .
In the cyt-b analysis, O. andinus was found to be associated with O. flavescens (88% bootstrap, Figure 3) , a species that is restricted to eastern Paraguay, southeastern The north-to-south genetic gradient for the Oligoryzomys genus, suggested by the phylogenetic analyses, is also supported by significant autocorrelations between the collection sites (correlogram shown in Figure 4 ), as well as by the spatial correlation (Mantel's test) between the genetic and geographic distances of the species. This significant genetics/geography correlation considered with the geographic patterns depicted by the MJ Network trees (Figures 5 and 6B-D) indicates a sharp north-to-south distribution for Oligoryzomys and strongly supports the hypothesis that the genus, starting from the northern Andes, had at first occupied the Amazon and the Cerrado, to later populate the more southern regions of South America. This proposal is also supported by the higher interspecies variability presented by the ''Amazon-Cerrado'' group, compared with the lower levels of genetic diversity observed in the taxa of the ''Pampa-Andean'' clade. Reig (1984 Reig ( , 1986 proposed that Oryzomyini (the tribe to which the genus Oligoryzomys belongs) had its origin in the northern Andes of South America (Ecuador, Colombia, and Venezuela). Genus Oligoryzomys and the other Sigmodontinae genera, as proposed by this author and by Hershkovitz (1966 Hershkovitz ( , 1972 , as well as supported by Savage (1974) and Engel et al. (1998) , had a North American ancestor, which entered South America through its northwestern corner, prior to the establishment of the Panamanian bridge, most probably between 5 and 9 Ma. Reig (1984 Reig ( , 1986 suggests that the ancestral lineage of Sigmodontinae (probably a protooryzomyine) would have arrived on the northwest coast of South America by means of passive transportation (natural rafts) and from this point had its evolutionary destiny molded by the intense orogenic episodes that the land masses underwent in that period. These protooryzomyines that arrived in the area of northern Andes must have promptly dispersed in the highlands that emerged in the Miocene. The subsequent uplift of the cordillera in the miocenic orogenic phase (Colombia and Ecuador) may have increased the heterogeneity of habitats that, in turn, favored the diversification of this ancestral lineage. In a period from 3.21 Ma to 2.5 Ma, the higher plains were covered by the Andean forest, a significant decrease in the temperature on a global scale occurred, and there was no record of glacier expansions (Mercer 1976; Clapperton 1979; Hooghiemstra 1984; Hooghiemstra and Van der Hammen 1998) . It is possible that taxa adapted to habitats of the mountain forest appeared during this process. It can also be postulated that other oryzomyine were diversified in adaptations to biotopes at lower elevations, after invading the lowlands of the northwest Andes and the more southern low areas. Also, it is possible that during this process, taxa like Oligoryzomys, which are basically characteristic of low prairies with tendencies for herbivorous feeding, may have emerged (Reig 1984) . According to Cerqueira (1982) and Marroig and Cerqueira (1997) , elements of the Andes (in Peru, Bolivia, and other countries) are phylogenetically more closely related to the southern lineages than to those of the eastern Brazilian lowlands. The phylogenetic trees obtained in our study agree with this scenario, in which one Andean group of species relates more closely to a group of South American taxa (Pampa biome) than to the Brazilian lowland (Cerrado biome) and the Amazon species.
